Utilisation of methylcellulose as a shaping agent in the fabrication of $Ba_{0.95}Ca_{0.05}Ce_{0.9}Y_{0.1}O_3$ proton-conducting ceramic membranes via the gelcasting method by Dudek, Magdalena et al.
Utilisation of methylcellulose as a shaping agent in the fabrication
of Ba0.95Ca0.05Ce0.9Y0.1O3 proton-conducting ceramic membranes
via the gelcasting method
Magdalena Dudek1 • Bartłomiej Lis1 • Elwira Kocyło2 • Alicja Rapacz-Kmita3 • Michał Mosiałek4 •
Marcin Gajek3 • Radosław Lach3 • Sabrina Presto5 • Massimo Viviani5 • Maria Paola Carpanese5,6 •
Antonio Barbucci5,6 • Dorota Majda7
Received: 24 January 2019 / Accepted: 18 September 2019 / Published online: 1 October 2019
 The Author(s) 2019
Abstract
The gelcasting method was used to form gastight Ba0.95Ca0.05Ce0.9Y0.1O3 samples proposed for use as proton-conducting
electrolytes in solid oxide fuel cells. Methylcellulose was used as an environmentally friendly shaping agent for Ba0.95-
Ca0.05Ce0.9Y0.1O3 powder in an ethanol solution. Samples of Ba0.95Ca0.05Ce0.9Y0.1O3 were also prepared from the same
powder via traditional isostatic pressing, as a reference for cast samples, and sintered in the same conditions. Comparative
studies of the physicochemical properties of Ba0.95Ca0.05Ce0.9Y0.1O3 electrolytes, formed by means of these two methods
and then sintered at 1550 C for 2.5 h, were presented and discussed. Using the X-ray diffraction method, only the pure
orthorhombic phase of BaCe0.9Y0.1O3 was detected in the Ba0.95Ca0.05Ce0.9Y0.1O3 powder, as well as in the Ba0.95-
Ca0.05Ce0.9Y0.1O3 sintered pellets formed via both gelcasting (A) and isostatic pressing (B). Thermal effects occurring
during heating of methylcellulose, as well as ceramic Ba0.95Ca0.05Ce0.9Y0.1O3 powder, dried cast samples obtained from
the prepared slurry, and sintered Ba0.95Ca0.05Ce0.9Y0.1O3 samples, were examined by differential scanning calorimetry,
differential thermal analysis, thermogravimetric analysis, and evolved gas analysis of volatile products using a quadrupole
mass spectrometer. The measurements were performed within the temperature range of 20–1200 C in air. Based on
dilatometric tests, it was found that the Ba0.95Ca0.05Ce0.9Y0.1O3 cast samples exhibited slightly higher degree of sinter-
ability than the 5CBCY samples obtained by isostatic pressing. In comparison with pressed pellets, higher values of total
electrical conductivity in air or in a gas mixture of 5% H2 in Ar were also attained for Ba0.95Ca0.05Ce0.9Y0.1O3 cast
samples. The Ba0.95Ca0.05Ce0.9Y0.1O3 samples were used to construct oxygen–hydrogen electrolytes for solid oxide fuel
cells. The results of the electrochemical performance of solid oxide fuel cells with Ba0.95Ca0.05Ce0.9Y0.1O3 electrolytes
were comparable to the data in the literature on BaCe0.9Y0.1O3 electrolytes. An electrochemical study of a Ba0.5Sr0.5-
Co0.8Fe0.2O3-d|Ba0.95Ca0.05Ce0.9Y0.1O3 interface was also performed. Ba0.5Sr0.5Co0.8Fe0.2O3-d appears to be a suit-
able cathode material for a Ba0.95Ca0.05Ce0.9Y0.1O3 electrolyte.
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Introduction
Ceramic proton conductors appear to be valuable compo-
nents in the development of cost-effective SOFCs operat-
ing within an intermediate-temperature (IT) range of
500–700 C and a low-temperature (LT) range of
350–600 C. Protons are characterised by a higher level of
mobility than oxygen ions because of their much smaller
size. The diffusion of protons is also much less tempera-
ture-dependent than that of oxygen ions. Therefore, it is
potentially easier to obtain greater conductivity for proton
conductors than for oxygen ion conductors at lower tem-
peratures [1, 2]. One of the main groups of ceramic proton
conductors with perovskite structures (ABO3) currently
under investigation comprises cerates [3]. Although
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BaCe1-xYxO3 (0\ x\ 0.2) ceramic proton conductors
have been chiefly proposed for application in IT-SOFCs,
they possesses certain disadvantages, namely limited sta-
bility in CO2 gas atmospheres and only moderately
favourable mechanical properties [4, 5].
Compared to the starting composition BaCe0.9Y0.1O3,
the partial substitution of calcium for barium, resulting in a
(Ba1-xCax)(Ce0.9Y0.1)O3 solid solution, where
0\ x\ 0.1, led to an improvement in chemical stability in
atmospheres including CO2 gas. Thus, the modified
Ba0.95Ca0.05Ce0.9Y0.1O3 material appears to be a more
suitable ceramic proton-conducting electrolyte for solid
oxide fuel cells (SOFCs), solid oxide electrolyser cells
(SOECs), or probes for monitoring hydrogen in gas
atmospheres or liquid metals [6, 7].
The commercial application of electrochemical devices
based on Ba0.95Ca0.05Ce0.9Y0.1O3 (5CBCY) requires the
elaboration of gastight, complexly shaped ceramic parts
from electrolytic materials. Tape casting is a low-cost
process particularly well suited to the fabrication of thin
(10–1000 lm) flat components for solid oxide fuel cells,
enabling the production of a wide variety of controlled
morphologies, from highly porous to fully dense
microstructures such as electrodes and electrolytes. This
technique is usually applied to the manufacture of com-
ponents for planar elements for electrochemical devices
such as SOFCs and SOECs. The physicochemical and
electrochemical properties of 5CBCY ceramic tape
obtained from a non-aqueous system were presented in our
previous paper [8].
Nowadays, the gelcasting method of forming ceramic
materials appears to be very useful in the development of
intermediate-temperature solid oxide fuel cell (IT-SOFC)
technology, along with variously shaped ceramic elec-
trolytes for the construction of the desired electrochemical
devices [9–11]. This method has been applied in order to
obtain thin electrolytic films or variously shaped ceramic
tubes involving yttria-stabilised zirconia (YSZ), samaria-
doped ceria (SDC), or gadolina-doped ceria (GDC) [12, 13].
It has also been used in the fabrication of ceramic proton-
conducting materials such as BaZr0.1Ce0.7Y0.2O3-d [14].
In most prepared ceramic electrolytes, the aqueous
gelcasting technique uses monofunctional acrylamide
CH2=CHCONH2 and difunctional N,N
0-methylenebisacry-
lamide (CH2=CHCONH2)2CH2 as organic reactive mono-
mers. The main disadvantage of this gelling system is that
acrylamide is a neurotoxin [15]. Therefore, many new gel
formers, especially those consisting of low-toxicity
monomers or environmentally friendly biopolymers, are
being studied extensively [16, 17].
Methylcellulose, a water-soluble organic compound
widely used for extrusion and injection moulding, has been
shown to undergo thermally induced gelation at
temperatures within the range 70–80 C [18, 19]. It is also
known to form a sufficiently strong gel capable of con-
verting a ceramic slurry to consolidated shapes via thermal
gelation at 70–80 C, even when the concentration of
gelling matter is as low as below 0.5 mass%, as was shown
in other papers concerning dense alumina and highly por-
ous hydroxyapatite [20, 21]. With respect to Ba0.95Ca0.05-
Ce0.9Y0.1O3 ceramics, the concentration of the organic
gelling binder should be kept low, in order to minimise the
carbon residue content following the sintering process,
which may have an effect on the electrical properties of
Ba0.95Ca0.05Ce0.9Y0.1O3. It should be noted that commonly
used gelling agents, such as monomers with cross-linkers,
serve as strong hydrogels when their concentration in
ceramic slurry is much higher than methylcellulose, usually
about 5 mass% [22].
The aim of this paper is to examine the potential for
forming ceramic materials from modified calcium–barium–
yttrium-doped cerate with the formula Ba0.95Ca0.05Ce0.9-
Y0.1O3 (5CBCY) via the gelcasting method, using
methylcellulose as an environmental networking agent.
Thus, the current paper investigates the physicochemical
properties of 5CBCY sintered samples, as well as electro-
chemical cells constructed using these samples.
Experimental
Preparation of Ba0.95Ca0.05Ce0.9Y0.1O3 (5CBCY)
powder
Ba0.95Ca0.05Ce0.9Y0.1O3 (5CBCY) monophase powder was
synthesised by means of a solid-state reaction. The starting
reagents were barium carbonate and calcium carbonate
(Avantor Performance Material Poland S.A, p.a.), yttriu-
m(III) oxide (Sigma-Aldrich, 99.99%), and cerium oxide
(Acros Organics, 99.9%). Stoichiometric amounts corre-
sponding to the Ba0.95Ca0.05Ce0.9Y0.1O3 formula were
homogenised and milled in a planetary ball mill (Retsch
PM 100), in dry ethanol with grinding media made from
yttria-stabilised zirconia with a diameter of 5 mm.
According to previous experiments, the rotational speed of
the mill was established at 300 rpm. The powders were
homogenised for 24 h in 20-min cycles consisting of 5-min
milling stages and 15-min cooling stages. The total
homogenisation time of the powders was 6 h. The pure
monophasic 5CBCY was synthesised at 1200 C. The
5CBCY powder was ground in dry ethanol with grinding
media made from yttria-stabilised zirconia, 5 mm in
diameter. The total milling time of monophasic 5CBCY
powder samples was 8 h. The BET surface area was ca.
5 g m-2; the average particle size (D50) was 0.5 lm. The
procedure was previously described in paper [7, 8].
2078 M. Dudek et al.
123
Preparation of slurry for the 5CBCY gelcasting
process
Methylcellulose (Sigma-Aldrich, Poznan´, Poland,
M.W. * 90.000) was used in this paper as a gelling agent.
Methylcellulose solution (2 mass%) was prepared by dis-
solving 1 g of methylcellulose in 49 g of water. The
solution was set aside for 24 h for defoaming. Fifteen
grams of 5CBCY powder were mixed with 2.5 g of dry
ethanol. Subsequently, 5 g of methylcellulose solution and
0.15 g of a dispersing agent (Dolapix PC75) were intro-
duced into the powder suspension, which was vigorously
mixed for 10 min and degassed under vacuum (- 0.85 bar,
5 min). Next, the slip was poured into aluminium or
polythene moulds and heated to 80 C in an oven to initiate
gelling. During the gelling process, the samples were
covered with a Petri dish. The final stage of drying was
carried out overnight in an oven at 80 C. Dried samples
were sintered at 1550 C for 2.5 h on platinum foil. During
the sintering process, the samples were covered with a
platinum crucible. The samples formed via the gelcasting
technique are designated as (A) throughout this paper.
Reference pellets of 5CBCY with similar dimensions were
also formed from the same powder via the isostatic
pressing method whereby the samples were first pressed in
a mould measuring 28 mm under 0.5 MPa. At this stage,
the samples were only mechanically formed, stable shapes.
In the next stage, the pressed samples were placed in
plastic foil, outgassed, and pressed under 250 MPa. A Na-
tional Forge isostatic cold press (Germany) was used.
These samples are designated as (B) throughout this paper.
The samples obtained by method B were sintered and
investigated in analogous conditions. Thus, it was possible
to make a direct comparison of the physicochemical
properties of 5CBCY samples formed via different
methods.
Analytical methods of evaluation
of the physicochemical properties of 5CBCY
samples
The rheological behaviour of the suspensions involving
5CBCY powder was determined using rotary a rheometer
(Rheotest R.V.2, Rheotest Messgera¨te Medingen, Ger-
many) fitted with double concentric cylinder geometry. All
rheological measurements were conducted at shear rates
from 5 to 1310 s-1 at room temperature.
XRD measurements, performed using a PANalytical
Empyrean system with monochromatic CuKa radiation,
were used to determine the phase composition of 5CBCY
powder as well as of sintered 5CBCY samples obtained by
method (A) or (B). The lattice parameters of the 5CBCY
samples were determined using the Rietveld method.
Thermal analysis (DTA/TG; DSC/TG, STA 449 F3 Jupiter
thermal analyser, Netzsch, Germany) was used to deter-
mine thermal effects occurring during the heating of
starting reagents such as methylcellulose (MC) as well as
of 5CBCY ceramic powder, dried cast samples obtained
from prepared slurry, and 5CBCY sintered samples. The
measurements were performed within the temperature
range of 20–1200 C in air. The applied rate of increase in
temperature over time (ramp) was 10 C min-1. Some
investigations were also performed on a thermoanalyser
(TA Instruments SDT 2960), which enabled simultaneous
detection of mass changes and heat effects occurring dur-
ing the heating of the samples. Gaseous products of reac-
tions were analysed using a quadruple mass spectrometer.
Dilatometry was used to identify variations in the
dimensions of 5CBCY samples heated within a tempera-
ture range of 25–1200 C. A Netzsch DIL 402 (Germany)
apparatus was used. The density of the 5CBCY samples
was determined using Archimedes’ method. Scanning
electron microscopy (Nova NanoSEM 200 FEI, Nether-
lands) coupled with an EDS system (EDAX, Netherlands)
was used to examine the microstructure of the 5CBCY
sintered samples (A) and (B).
Electrical conductivity measurements
Electrical conductivity measurements of the sintered
5CBCY gelcast samples were performed using electro-
chemical impedance spectroscopy (EIS). The measure-
ments were performed in air and in an H2–Ar gas
atmosphere within the temperature range 400–750 C,
using a Solartron SI 1255B Frequency Response Analyser
equipped with a 1287 Electrochemical Interface; AC
voltage with an amplitude of 10 mV was applied within a
frequency range of 1 Hz–1 MHz.
Electrochemical tests of 5CBCY-electrolyte-
supported solid oxide button fuel cells
The following hydrogen–oxygen solid oxide fuel cell was
investigated:
H2; Pt 5CBCYj jPt; O2 ð1Þ
Sintered 5CBCY electrolytes were cropped to the shape of
discs with diameters of 20 mm. The top and bottom sur-
faces were ground in order to reduce the thickness of each
electrolyte to less than 1 mm. Porous platinum electrodes
(with active surfaces of approximately 1.3 cm2) were
applied in the initial electrochemical tests described in this
paper. The electrodes were screen-printed from commer-
cial Pt (Heraus, Germany). Electrolytes with Pt electrodes
were heated at 1000 C for 1 h to obtain porous forms for
Utilisation of methylcellulose as a shaping agent in the fabrication of… 2079
123
both electrodes and to bind the platinum layers firmly to the
electrolyte. Fuel cell performance was tested within the
temperature range 550–700 C. The anode was fed with
humidified hydrogen; humidified air was supplied to the
cathode. The electrochemical set-up for the investigation of
electrolyte-supported solid oxide button fuel cells was
described in the previous paper [23].
Electrochemical investigations of the cathode–
electrolyte interface in a BSCF|5CBCY system
Ba0.5Sr0.5Co0.8Fe0.2O3-d (BSCF) (Treibacher, Austria)
powder was mixed with a-terpineol (Sigma-Aldrich) to
obtain a paste. The electrochemical cell used for the elec-
trode tests in air was a three-electrode cell, prepared by
means of slurry-coating the prepared paste with the use of a
shaped mask and a blade on both sides of the electrolyte
disc. BSCF working and counter electrodes with diameters
of 6 mm were placed on opposite sides of the 5CBCY
electrolyte; a BSCF reference electrode in the shape of a
ring with an inner diameter of 12 mm and an outer diam-
eter of 14 mm was placed on the same side as the working
electrode, as shown in Fig. 1 in [24]. Thus prepared, the
electrodes were dried at 90 C for 12 h and sintered at
1100 C for 2 h at heating and cooling rates of 2.0 and
3.0 C min-1, respectively. Platinum nets were used as
current collectors on all electrodes and connected to an
Autolab PGSTAT302 N potentiostat with a frequency
response analyser. Impedance measurements were per-
formed at open-circuit potential at 600 C in oxygen and in
mixtures of argon with oxygen with values of PO2 P
-1 of
0.05, 0.1, 0.2, and 0.5 and a flow rate of 100 mL min-1.
Spectra were recorded with a density of 8 points per dec-
ade, with 10 mV sinusoidal perturbation amplitude within
a range of 0.1 Hz–100 kHz. The program MINUIT [25],
obtained from CERN, based on a complex nonlinear
regression least-squares procedure, was used to fit an
equation describing the assumed equivalent electrical cir-
cuit (EEC) to the measured data. The data treatment pro-
cedure is described in detail elsewhere [26].
Results and discussion
Figure 1 presents the viscosity measurements with shear
rates of 35 vol% ceramic slurries without methylcellulose
(MC) and with an addition of 0.6 mass% of MC on the
basis of solids. The plot for ceramic slurry with the addi-
tion of methylcellulose clearly indicated an increase in
viscosity. This effect was expected, since the methylcel-
lulose solution was characterised by generally higher vis-
cosity than pure solvent. However, the viscosity within a
shear rate range of 10–100 s-1 was less than 1.5 Pa, i.e.
convenient for gelcasting slips. All the slips prepared in
this work revealed shear thinning. This behaviour is char-
acterised by a decrease in viscosity along with increasing
shear rate and is typically found in the dispersion of
ceramic suspensions containing a large percentage of
solids.
Figure 2a–d presents the following 5CBCY samples:
(a) those resulting from the gelcasting process, (b) cast
samples after being dried in the laboratory dryer, (c) sam-
ples sintered at 1550 C for 2.5 h, and (d) 5CBCY-elec-
trolyte-supported solid oxide fuel cells with covered Pt
porous electrodes. Rounded 5CBCY sintered samples with
diameters of * 20 mm were used for electrochemical
investigations. This size is typical of ceramic electrolytes
for solid oxide button fuel cells, which are often used in
laboratory tests prior to being scaled to larger dimensions
[27].
Figure 3 presents the X-ray diffraction pattern recorded
for sintered 5CBCY samples formed by means of the
gelcasting (A) and isostatic pressing (B) methods. Data for
the 5CBCY starting powder (P) have been added. For all
samples, the XRD patterns reflect the references symmetry
of the orthorhombic BaCe0.9Y0.1O3 phase.
Table 1 presents the cell parameters and cell volume
determined for the Ba0.95Ca0.05Ce0.9Y0.1O3 samples
formed via the gelcasting method (A) or via cold isostati-
cally pressing (B). Similar cell parameters and calculated
cell volumes were obtained for both samples. These data
are in close agreement with the results presented in our
previous paper [7].
Thermal analysis (DSC/TG) was performed to deter-
mine the thermal effects that might occur during the
heating of 5CBCY samples. Data on variations in 5CBCY
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Fig. 1 Plots of viscosity with shear rates for 35 vol% ceramic
suspensions containing 0.6 mass% methylcellulose (MC) or without
MC
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optimal sintering conditions in order to obtain gastight
samples. This crucial processing operation during the
densification of 5CBCY samples involves release of the
organic medium from the ceramic part, reduction in
porosity, and acquisition of gastight samples without
cracks or certain defects.
Figure 4a, b presents the DSC/TG curves recorded for
the main starting reagents used for preparing slurry:
(a) methylcellulose or (b) 5CBCY starting ceramic powder.
The heating of methylcellulose to * 300 C caused a
decrease in mass due to the start of the process of
methylcellulose pyrolysis, which corresponds to a small
exothermic peak at 297.4 C on the DSC curve. The
thermal decomposition of methylcellulose generally occurs
through pyrolysis reactions such as primary thermal
decomposition, followed by secondary decomposition
reactions. An increase in temperature caused the presence
of the second exothermic peak at * 365 C on the DSC
curve, which also corresponds to the processes of char
formation. Within the temperature range 500–600 C, total
combustion of organic matter was usually observed
[28, 29]. On the DSC curve, a strong exothermic peak at
* 472 C corresponds to the combustion of organic mat-
ter. Based on TG analysis, the total mass decomposition
equalled * 99.97% at 500 C An analysis of mass varia-
tion for methylcellulose was also conducted following the
heating of samples at temperatures of 300–500 C in air for
30 min at each temperature. Mass losses of the original
sample at 300 C were estimated at 7%, but as the tem-
perature rose to 400 C and then to 500 C, total mass
losses of, respectively, ca. 99.5% and ca. 99.8% were
observed. These results were in close agreement with the
data which had been recorded for the TG curve.
In the case of DSC/TG and EGA (Fig. 4b) recorded for
the pure monophase 5CBCY powder, continued heating of
the sample within the temperature range 20–1200 C did
not lead to any significant thermal effects. Only a small
endothermic peak was observed at ca. 970 C. It can be
attributed to decomposition of residual BaCO3. The
appearance of the CO2 current peak at this temperature on
the EGA curve confirmed these observations. The total
mass losses were estimated at ca. 4.3% compared to the
initial sample. Figure 4c presents DSC/TG curves recorded
for dried cast 5CBCY samples within the temperature
range 25–1100 C. Generally during ceramic processing,
the organic medium is removed by thermolysis in an oxi-
dising atmosphere. The first visible thermal effect on the
DSC curve is a small endothermic peak at * 119 C. This
peak may correspond to the evaporation of water. An
increase in temperature caused the presence of two small
exothermic peaks at * 272.9 and * 290.7 C on the DSC
Fig. 2 Photographs of 5CBCY samples: a resulting from the gelcasting process; b gelcast after being dried in the laboratory dryer; c sintered at
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Fig. 3 X-ray diffraction pattern recorded for 5CBCY samples
obtained via: (A) gelcasting; (B) isostatic pressing; and (P) original
5CBCY powder
Table 1 Cell parameters a, b, and c and cell volume determined for
Ba0.95Ca0.05Ce0.9Y0.1O3 samples (A) or (B)
Ba0.95Ca0.05Ce0.9Y0.1O3 a/A˚ b/A˚ c/A˚ V/A˚
3
Method A 6.216 8.772 6.228 339.598
Method B 6.215 8.770 6.228 339.387
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curve. These effects correspond to the onset of decompo-
sition of organic matter in the 5CBCY sample. The
observed thermal effects (at 812 C, 1059 C, and
1082 C) may also be connected with the decomposition of
CaCO3 or BaCO3, as possible products of the BaCe0.9-
Y0.1O3 and CO2 phases. The increase in the H2O or CO2
current at respective temperatures on the EGA curve con-
firmed these observations. It is generally known that
BaCe0.9Y0.1O3 is characterised by limited stability in the
presence of CO2 [30–32]. Previous studies found that
Ba0.95Ca0.05Ce0.9Y0.1O3 was characterised by improved
chemical resistance compared to BaCe0.9Y0.1O3, but the
problem of instability was not completely solved. The
decomposition reaction (2) was described in [7].
Bað1xÞCaxCe0:9Y0:1O3ðsÞ þ CO2ðgÞ
! BaCO3ðsÞ þ CaCO3ðsÞ þ CeO2ðsÞ
þ Ce0:9Y0:1O1:95ðsÞ ð2Þ
The total pressure of CO2 in a gas atmosphere also has
















































































































Fig. 4 DSC/TG curves recorded
for a methylcellulose; DSC/TG
and EGA curves recorded for
b 5CBCY powder; c dried
gelcast 5CBCY sample
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decomposition. The total mass losses were estimated at
* 10% within the investigated temperature range.
The performed DSC/TG analysis (Fig. 4a–c) helped to
elaborate the profile of sintering 5CBCY samples formed
via the gelcasting method (A), which can be seen in Fig. 5.
For methylcellulose (MC) and Ba0.95Ca0.05Ce0.9Y0.1O3
dried samples, the thermal effects corresponding to
decomposition and initial burning of organic parts (MC or
a mixture of solvent MC, ethanol, and Dolapix) occurred at
the first stage of heating to 450 C, and losses of mass on
the TG curve were visible; accordingly, an increase in
heating temperature of 1.5 C min-1 and heating for 120
min enabled the removal of gases as products of organic
decomposition. Slow heating of samples from 450 to
1550 C enabled the evaporation of all gases, which may
directly correspond to the combustion of organic. It is
important to remove carbon originating from an organic
medium from sintered samples, because the residual carbon
can affect the total electrical resistance as well as
increasing electronic conduction, which is undesirable for
the application of 5CBCY as ceramic ionic conduction
membranes. Another reason was to obtain a uniform
microstructure, which enabled the acquisition of high val-
ues of electrical conductivity as well as tolerance in terms
of the dimension and quality of sintered discs. Cooling to
1000 C was also accomplished slowly.
DTA/TG curve recorded for the crushed 5CBCY cru-
shed sample (A), sintered according to the profile in Fig. 5,
is presented in Fig. 6. The aimed aim of this investigation
was to determine the possible potential mass losses, which
can be connected with removing the removal of CO2 as a
product of the combustion of residual carbon. Based upon
the TG analysis, the estimated mass losses were amounted



































































































Fig. 5 Elaborated profile of temperature increases for sintering a
5CBCY cast sample
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removed in the applied sintering conditions. The similar
level of mass losses on TG curve was observed in case of
BaCe0.9Y0.1O3 or Ba0.95Ca0.05Ce0.9Y0.1O3 samples formed
by method (B). Another reason for mass losses at this
temperature might also be the decrease in H2O content as
well as increase in nonstoichiometry in anion/oxygen
sublattice ABO3-d [33, 34].
Figure 7 presents the densification behaviour of a 5CBCY
ceramic sample formed via method (A) or (B) and heated at a
constant rate of 5 C min-1 within a temperature range of
25–1200 C. Shrinkage of 5CBCY sample A began at about
200 C, with gradual densification of cast samples along
with increased temperatures. At 1250 C, the linear shrink-
age reached values close to 8%. In the case of 5CBCY sample
B, the level of linear shrinkageDl reached a value close to 5%
at the same temperature. In the case of the 5CBCY cast and
sintered sample at 1550 C for 2.5 h, linear shrinkage
reached * 18%. The relative density of a 5CBCY sample
formed by (A) or (B) at a temperature of 1550 C reached
* 94–95% of theoretical density.
The results of SEM observations of a cross section of a
sintered 5CBCY sample formed via method (A) are pre-
sented in Fig. 8a. A uniform microstructure with grain
sizes of 5–10 lm was visible. Only negligible porosity was
noted in the observed cross section of the 5CBCY elec-
trolyte. For comparison, the SEM image recorded for
5CBCY sample (B) formed via isostatic pressing and sin-
tered at 1550 C for 2 h is also presented in Fig. 8b. As can
be seen, the two samples are characterised by similar levels
of densification. A uniform microstructure and grain sizes
of 6–8 lm were observed.
This result indicates that applied gelcasting with an
environmentally friendly system appears to be a promising
technique for forming ceramic electrolytes based on mod-
ified Ca0.05Ba0.95Ce0.9Y0.1O3.
The electrical and electrochemical properties of 5CBCY
samples are crucial for their application as electrolytes in
electrochemical devices. The temperature dependences of
total conductivity, measured via the four-probe DC method
in dry air, for 5CBCY formed via method (A) or (B) are
presented in Arrhenius plots in Fig. 9. In a direct com-
parison of total electrical conductivity dependence in air
recorded for 5CBCY samples A and B, it was found that
the sample formed via gelcasting exhibited slightly higher
values of electrical conductivity than that formed via the
isostatic pressing method. It was also found that energy
activation Ea for total electrical conductivity determined
for 5CBCY sample (A) reached lower values than for that
obtained via method (B). This finding can be attributed to
the superior homogenisation of powders in the casted






























Fig. 6 DTA/TG curve recorded
for 5CBCY crushed sample
(A) following the sintering
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Fig. 7 Dilatometry curve recorded for 5CBCY samples formed via
gelcasting (method A) or isostatic pressing (method B)
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conductivity (r) versus temperature (Fig. 10) was also
recorded for 5CBCY samples formed via methods A or B
in a 5 vol% H2–Ar wet gas mixture. Moreover, higher
values of total electrical conductivity within the investi-
gated temperature range were obtained for the 5CBCY
sample formed via the gelcasting technique than for that
formed via method B. Also, lower energy activation values
(Ea = 0.49 eV) were determined for 5CBCY sample A
than for sample B (Ea = 0.59 eV).
The data for total electrical conductivity (r) obtained in
this study for Ba0.95Ca0.05Ce0.9Y0.1O3 samples formed via
methods (A) or (B) were compared with the data in the
relevant literature for BaCe0.9Y0.1O3-based samples. For all
samples, the data, collected in Table 2, refer to measure-
ments in air.
Analysis of total electrical conductivity values (r) for
5CBCY samples as well as BCY samples in air within the
temperature range 600–700 C determined that the former
exhibited essentially the same level of total electrical
conductivity as the latter. This finding is dependent on the
microstructure of the ceramic materials. The conditions
applied to powder preparation and the formation of shapes
and sintering of ceramic parts exert a considerable impact
on the creation of their microstructure under the applied
thermal treatment conditions. The humidity level of the air
during electrical conductivity (r) measurements also has a
great impact on the slight differences visible in the elec-
trical conductivity values presented in Table 2 [35–37].
Figure 11 presents the voltage (U)–current (I) depen-
dence recorded for 5CBCY-electrolyte-supported solid
oxide fuel cells. Initially, as can be seen, the recorded OCV
values are close to 1 V. These results indicate that the
5CBCY gelcast electrolyte is obtained as a gastight cera-
mic part. The increase in temperature caused a higher
power output Pmax from the investigated solid oxide fuel
cells. A Pmax value of 20 mW cm
-2 was obtained at
700 C for a 5CBCY E-SOFC. Similar SOFC performance
in analogous conditions was obtained from an E-SOFC
involving a 5CBCY sample obtained via method B. The
obtained values of 5CBCY E-SOFC performance are rather
low due to the extreme thickness of the sample, which has
a great impact on the total resistivity of the cell. The results
of the electrochemical performance obtained for hydrogen–
oxygen solid oxide fuel cells with 5CBCY electrolytes
within the temperature range 500–700 C were compared
with the data in the literature for hydrogen–oxygen solid
oxide fuel cells involving BaCeO3-based electrolytes,
where anode and cathode materials were prepared from
porous metallic (Ag, Pt) electrodes.
Bonanos et al. [38] reported that electrolyte-supported
solid oxide fuel cells involving BaCe0.9Gd0.1O3 (thick-
ness * 1.2 mm), with porous silver as cathode material




Ea = 0.57 eV
B










Fig. 9 Total electrical conductivity versus temperature recorded for
5CBCY samples A or B in air
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Fig. 10 Dependence of total electrical conductivity (r) on tempera-
ture recorded for 5CBCY samples formed via method A or B in a wet
gas mixture, 5%vol H2–Ar
Fig. 8 Microstructure of 5CBCY samples obtained previously via
a method A or b method B. The samples were sintered at 1550 C for
2.5 h in air
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* 20mW cm-2 at a temperature of 800 C. Reduction in
the thickness of a BaCe0.9Sm0.1O3 electrolyte to 0.5 mm
enabled the acquisition of a Pmax value of approximately
200 mW cm-2 at 1000 C from an SOFC with metallic
electrodes (Ag cathode, Pt anode) [39].
One of the strategic goals leading to the improved per-
formance of a SOFC with a 5CBCY electrolyte should be
the identification of a suitable cathode material. The oxy-
gen reduction reaction (ORR) occurring at the cathode of a
SOFC causes most of the associated energy losses, leading
to a reduction in the cell’s energy efficiency. In the case of
a ceramic fuel cell with a proton-conducting ceramic
membrane, water is formed on the cathode side, compli-
cating the cathode reaction mechanism and resulting in a
higher level of polarisation resistance in the cathode. In the
previous paper [8], it was found that LSCF-5CBCY
appeared to be a suitable cathode material for an E-SOFC
involving 5CBCY as an electrolyte. In this study, we
focused on electrochemical investigations of the
BSCF|5CBCY interface.
The EIS spectra recorded for the cell with BSCF elec-
trodes consist of three clearly separated semicircles
(Fig. 12). The high-frequency (HF) semicircle is only
partly visible within the spectra due to the limitations of the
hardware in use; the medium frequency (MF) semicircle is
well formed, whereas the low-frequency (LF) semicircle is
scattered. The spectra were fitted using an EEC consisting
of three resistor-and-capacitor (R, C) pairs connected in
series. Instead of capacitors, constant phase elements
(CPEs) were used. The impedance of the CPE can be








where j is an imaginary unit, f is the frequency, f0 is the
frequency of reference, Ci is the capacitance at the fre-
quency of reference, usually assumed to be f0 = 1000 Hz
[26], index i is the number of the (R, CPE) pair (inset,
Fig. 12) and a is a coefficient equal to 1 for an ideal
capacitor, but usually with values in the range 0.8–1.0 or
close to 0.5 for a diffusion process. The capacitances
obtained for the HF semicircle fall within the range
32–94 nF cm-2, indicating that the HF semicircle repre-
sents the electrolyte grain boundary (GB) response [7]. The
total 5CBCY electrolyte resistance Rs was calculated as the
sum of R0 and R1. The capacitances obtained for the MF
and LF semicircles belong to the range 0.42–0.63 mF cm-2
and 85–302 mF cm-2, respectively. These values indicate
that MF and LF semicircles represent oxygen reduction
reaction processes [40, 41]. The polarisation resistance Rp
was calculated as the sum of R2 and R3. Resistances
obtained by means of fitting impedance spectra are pre-
sented in Fig. 13. Resistances depend on oxygen partial
pressure according to the equation
log Rið Þ ¼ am log PO2ð Þ ð4Þ
where a and m are coefficients. All resistances are weakly
dependent on oxygen partial pressure. The coefficient m is
equal to 0.019 and 0.061 for Rs and Rp, respectively.
Electrolyte resistance should be independent of oxygen
partial pressure within the examined range from 0.05 to 1.
The weak dependence may indicate that this semicircle is
overlapped by another semicircle representing the ele-
mentary step of the electrode reaction process [26]. The
m coefficient obtained for Rp is much smaller than the
value of 0.10 reported for a BSCF cathode examined with
an SDC electrolyte [42]. This indicates that, in the case of a





































Fig. 11 Voltage (U)–current (I) and power density (P)–current
(I) curves recorded for hydrogen–oxygen solid oxide fuel cell (1)
Table 2 Comparison of total





600–700 C. The measurements
were performed in air
Material composition Total conductivity r/S cm-1 Refs.
600 C 700 C
Ba0.95Ca0.05Ce0.9Y0.1O3 (method A) 0.009 0.017 This work
Ba0.95Ca0.05Ce0.9Y0.1O3 (method B) 0.007 0.013 This work
BaCe0.9Y0.1O3 0.003 0.006 [35]
0.015 0.040 [36]
0.008 0.019 [37]
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steps both involve an O2- ion rather than molecular or
atomic oxygen [43]. The polarisation resistance is depen-
dent to a slight degree on oxygen partial pressure and falls
within a range from 0.24 to 0.30 X cm2 in the examined
oxygen concentrations.
The EIS spectra recorded for a cell with porous platinum
electrodes within a temperature range of 550–700 C are
presented in Fig. 14. Total 5CBCY electrolyte resistance
Rs is assumed to be the resistance of the HF intercept of the
spectra with the x axis, and to be equal to resistance R0,
calculated with the use of the EEC (presented as the inset
in Fig. 14) assumed for the spectra obtained in this series of
experiments, whereas polarisation resistance Rp, assumed
to represent the difference between the HF and LF inter-
cepts with the x axis, is calculated as the sum of R1 and R2.
Resistances Rs and Rp decrease with the increases in tem-
perature (Fig. 15). The calculated activation energies for
conductivities rs and rp equal to 0.52 and 0.71 eV,
respectively. The obtained value of the activation energy of
total 5CBCY conductivity, 0.52, agrees closely with the
value of 0.53 measured by means of the four-probe DC
method in dry air. A BSCF electrode connected with a
5CBCY electrolyte exhibits much lower polarisation




























Fig. 12 Example of the spectra
of a BSCF electrode at 600 C,
open-circuit potential, and PO2
P-1 = 0.1. Crosses indicate
measured data; circles indicate
fitted data; numbers above
points denote logarithms of
frequency. An equivalent
electrical circuit was used to fit





































Fig. 13 Resistances and capacitances obtained by fitting impedance
spectra versus oxygen partial pressure on a logarithmic scale, at
600 C and open-circuit potential; R0—black squares, R1—blue
circles, R2—green triangles, R3—pink triangles, C1—green diamonds,











































Fig. 14 EIS spectra recorded for a cell with porous platinum
electrodes within a temperature range of 550–700 C. Equivalent
electrical circuit was used to fit the data in the inset
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Conclusions
The results presented in this paper indicated the potential
for forming Ba0.95Ca0.05Ce0.9Y0.1O3 ceramic components
by the gelcasting method, using methylcellulose as a gel-
ling agent. It was found that the addition of 0.6%
methylcellulose to slurries containing 35 vol% of ceramic
powder resulted in a slow increase in viscosity compared to
suspensions without it. On the basis of comparative DSC/
TG curves registered for dried Ba0.95Ca0.05Ce0.9Y0.1O3 cast
samples, it was found that total mass losses at 1200 C
were approximately 11%. While heating dried 5CBCY cast
samples in the temperature range of 25–1200 C, decom-
position of CaCO3 or BaCO3 was observed at temperatures
higher than 800 C. The presence of carbonates as sec-
ondary products of reaction between Ba0.95Ca0.05Ce0.9-
Y0.1O3 and the CO2 phase is likely under these
experimental conditions. The relative density of sintered
5CBCY gelcasted samples was * 94–95% and was com-
parable with samples prepared by isostatic pressing.
Analysis of the electrical conductivity of 5CBCY sam-
ples, as well as the electrochemical performance of
5CBCY-electrolyte-supported solid oxide fuel cells, indi-
cated their suitability for application as components of
electrochemical devices. In addition, the results of research
on the electrolytic properties of 5CBCY ceramic parts
indicate the need to undertake further research on the
application of this method of formation in the manufacture
of 5CBCY electrolytes as components for tubes or cru-
cibles for use in electrochemical devices. Electrochemical
studies showed that BSCF is a suitable cathode material for
a 5CBCY electrolyte. At 600 C, a cell with a BSCF
cathode exhibits polarisation resistance within the range
0.24–0.30 X cm2 and weak dependency of oxygen partial
pressure within the range 0.05–1 atm.
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